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Abstract 

 
Antiretroviral therapy (ART) has revolutionized the management of Human 
Immunodeficiency Virus (HIV), transforming a once-fatal disease into a chronic, 
manageable condition. Despite these advances, hematologic toxicities associated 
with ART—including anemia, neutropenia, thrombocytopenia, and, in severe cases, 
pancytopenia—remain an often-overlooked dimension of HIV care. These adverse 
effects arise from a combination of direct bone marrow suppression, mitochondrial 
toxicity, immune-mediated destruction of blood cells, and metabolic disturbances, 
and they are exacerbated by coexisting infections, nutritional deficiencies, and drug 
interactions.Hematologic toxicities have profound implications for patient 
outcomes and public health. They compromise immune function, increase 
susceptibility to opportunistic infections, reduce adherence to ART, and elevate 
morbidity and mortality, particularly in resource-limited settings where laboratory 
monitoring and pharmacovigilance systems are inadequate. Routine hematologic 
assessment, nutritional interventions, and early detection of cytopenias are essential 
strategies to mitigate these risks.This narrative review synthesizes current evidence 
on the mechanisms, clinical manifestations, and public health consequences of 
ART-related hematologic toxicities. It also outlines evidence-based strategies to 
integrate hematologic monitoring into HIV programs, including strengthening 
laboratory capacity, promoting pharmacovigilance, implementing nutritional 
supplementation, and engaging communities in awareness and early reporting. 
Addressing hematologic complications through a comprehensive, multidisciplinary 
approach is critical for optimizing treatment efficacy, enhancing patient safety, and 
ensuring the long-term sustainability of ART programs. 
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Introduction 
 
The global scale-up of antiretroviral therapy 
(ART) has transformed HIV infection from a fatal 
disease into a chronic, manageable condition, 
dramatically reducing AIDS-related morbidity 
and mortality. As of recent estimates, over 28 
million people living with HIV (PLHIV) are 
receiving ART worldwide. However, alongside 
these clinical successes, the long-term 
administration of ART has revealed a spectrum of 
drug-related complications, with hematologic 
toxicities representing a particularly significant 
yet often overlooked dimension of care [1-
3].Hematologic abnormalities associated with 
ART—including anemia, neutropenia, 
thrombocytopenia, and pancytopenia—can 
profoundly impact patient outcomes. They 
compromise immune function, increase 
susceptibility to opportunistic infections, reduce 
adherence to therapy, and in severe cases, result 
in life-threatening complications. The 
pathophysiology of ART-related hematologic 
toxicity is multifactorial, encompassing direct 
bone marrow suppression, mitochondrial 
dysfunction, immune-mediated cell destruction, 
and metabolic disturbances. These mechanisms 
may be further exacerbated by nutritional 
deficiencies, coinfections such as tuberculosis or 
malaria, and polypharmacy, particularly in 
resource-limited settings [4-6]. 
 
Despite the clinical importance of these 
complications, hematologic toxicities remain 
underemphasized in public health strategies for 
HIV care. In many low- and middle-income 
countries (LMICs), inadequate laboratory 
infrastructure, limited pharmacovigilance 
systems, and insufficient healthcare worker 
training hinder timely detection and management. 
Consequently, patients often present with severe 
cytopenias or anemia only after significant 
clinical deterioration, leading to increased 
morbidity, treatment interruptions, and healthcare 
costs [7-10].From a public health perspective, 
integrating hematologic monitoring and 
management into ART programs is essential. 
Routine assessment of hemoglobin, white blood 
cell counts, and platelet counts offers a cost-

effective, accessible, and reliable means of 
detecting early toxicities, optimizing ART 
regimens, and guiding supportive interventions 
such as nutritional supplementation and infection 
prevention. Moreover, strengthening 
pharmacovigilance systems and training 
healthcare personnel enhances early recognition 
and response to adverse events, improving 
treatment safety and adherence [11-12].This 
narrative review explores the multifaceted nature 
of ART-induced hematologic toxicities, 
emphasizing both their pathophysiological 
mechanisms and public health implications. It 
highlights strategies to strengthen surveillance, 
clinical management, and community 
engagement, aiming to optimize ART outcomes 
and safeguard the health and well-being of 
PLHIV. Addressing hematologic toxicities as an 
integral component of HIV care is critical for 
sustaining long-term treatment success, reducing 
morbidity, and achieving equitable health 
outcomes globally. 
 
Hematologic Toxicities of Antiretroviral 
Therapy 
 

Hematologic toxicities are among the most 
frequently encountered complications of 
antiretroviral therapy (ART), yet they remain an 
underrecognized aspect of HIV management. 
These toxicities manifest across a spectrum of 
blood cell line abnormalities, including anemia, 
neutropenia, thrombocytopenia, and, in severe 
cases, pancytopenia. The incidence, severity, and 
clinical consequences of these abnormalities are 
influenced by the specific ART regimen, duration 
of therapy, patient comorbidities, and coexisting 
infections or nutritional deficiencies [13-
14].Anemia is the most commonly reported 
hematologic toxicity associated with ART. 
Nucleoside reverse transcriptase inhibitors 
(NRTIs), particularly zidovudine (AZT), are well-
documented contributors to anemia. The drug 
exerts its effect through bone marrow 
suppression, mitochondrial toxicity, and impaired 
DNA synthesis in erythroid progenitor cells. 
Clinically, patients may present with fatigue, 
pallor, and reduced exercise tolerance. In 
resource-limited settings, where anemia is also 
common due to malnutrition or co-infections,  
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distinguishing drug-induced anemia from disease-
related or environmental causes presents a 
significant challenge [15-17]. 
 
Neutropenia is another clinically relevant 
complication. It commonly arises from direct 
suppression of myeloid progenitor cells or 
immune-mediated destruction of neutrophils, 
often exacerbated by concomitant medications 
such as ganciclovir or cotrimoxazole. Neutropenia 
increases susceptibility to bacterial and fungal 
infections, posing a particular risk for patients 
with advanced immunosuppression. Early 
recognition is critical, as persistent neutropenia 
may necessitate dose adjustments, ART 
substitution, or the addition of granulocyte 
colony-stimulating agents [18-
19].Thrombocytopenia occurs less frequently 
but carries important clinical implications, 
particularly for bleeding risk. ART-induced 
thrombocytopenia may result from immune-
mediated platelet destruction or impaired 
megakaryocyte maturation. Drugs implicated 
include zidovudine and certain protease 
inhibitors, though immune reconstitution 
following ART initiation may paradoxically 
exacerbate platelet reduction in some cases. 
Clinically, thrombocytopenia manifests as easy 
bruising, mucocutaneous bleeding, or, in severe 
cases, hemorrhagic complications [20-21]. 

In rare instances, pancytopenia can develop, 
reflecting profound bone marrow suppression. 
This severe manifestation is often multifactorial, 
involving direct drug toxicity, chronic 
inflammation, coexisting opportunistic infections, 
and nutritional deficiencies. Pancytopenia 
requires immediate clinical attention, as it 
significantly increases morbidity and can 
complicate ongoing ART therapy [22-23].The 
mechanisms underlying ART-related hematologic 
toxicities are complex and interrelated. 
Mitochondrial dysfunction, immune-mediated 
cytotoxicity, drug interactions, and nutritional 
deficits collectively impair hematopoiesis. 
Importantly, these toxicities are often dose- and 
duration-dependent, with older NRTIs like 
zidovudine posing higher risk compared to newer 
agents such as tenofovir or dolutegravir [24-
25].Recognition of these toxicities is critical for 
effective HIV care. Routine monitoring of 
complete blood counts (CBC) provides a simple 
yet powerful tool for early detection and 
intervention. Adjustments to ART regimens, 
timely treatment of co-infections, and nutritional 
supplementation can mitigate the impact of 
hematologic abnormalities and preserve treatment 
efficacy (Table 1) [26-27]. 
 

 
Table 1. Common Antiretroviral Drugs and Associated Hematologic Toxicities 
 

Drug/Class Common 
Hematologic 
Toxicity 

Mechanism of Action/Pathogenesis Clinical Implications 

Zidovudine (AZT) – 
NRTI 

Macrocytic anemia, 
neutropenia 

Bone marrow suppression via 
mitochondrial toxicity 

Fatigue, immune suppression, 
opportunistic infections 

Stavudine (d4T) – 
NRTI 

Anemia, leukopenia Mitochondrial dysfunction leading to 
cytopenia 

Weakness, impaired ART 
adherence 

Lamivudine (3TC) – 
NRTI 

Rare anemia Hypersensitivity, marrow suppression 
in combination therapy 

Dose-dependent mild 
cytopenia 

Nevirapine (NVP) – 
NNRTI 

Eosinophilia, 
leukopenia 

Hypersensitivity reaction, immune 
activation 

Rash, liver injury, 
hematologic abnormalities 

Lopinavir/Ritonavir – 
PI 

Mild anemia Bone marrow suppression, indirect 
hepatic metabolism effects 

Usually transient, reversible 

Tenofovir disoproxil 
fumarate 

Minimal hematologic 
toxicity 

Indirect effects through renal 
dysfunction 

Rare anemia from 
erythropoietin deficiency 
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Pathophysiological Mechanisms of ART-
Related Hematologic Toxicities 
 
The development of hematologic toxicities in 
people living with HIV (PLHIV) on antiretroviral 
therapy (ART) is the result of complex, 
multifactorial mechanisms that involve direct 
pharmacologic effects, immune-mediated 
processes, and systemic metabolic disturbances. 
Understanding these mechanisms is essential for 
both clinical management and public health 
strategies aimed at minimizing morbidity and 
optimizing long-term therapy outcomes [28]. 
 
1. Bone Marrow Suppression 
 
A primary mechanism of ART-induced 
hematologic toxicity is direct suppression of the 
bone marrow. Drugs such as zidovudine (AZT) 
and stavudine (d4T) interfere with DNA synthesis 
in erythroid, myeloid, and megakaryocyte 
progenitor cells. By inhibiting nuclear and 
mitochondrial DNA replication, these agents 
reduce the proliferation and differentiation of 
hematopoietic stem cells, resulting in anemia, 
neutropenia, and thrombocytopenia. In 
combination with chronic HIV-associated 
inflammation, this marrow suppression can be 
profound, sometimes leading to pancytopenia in 
advanced disease stages [29]. 
 
2. Mitochondrial Dysfunction 
 
Nucleoside reverse transcriptase inhibitors 
(NRTIs) also induce mitochondrial toxicity, a key 
contributor to cytopenias. These drugs inhibit 
mitochondrial DNA polymerase γ, impairing 
oxidative phosphorylation and leading to 
accumulation of reactive oxygen species (ROS) 
within hematopoietic progenitors. Mitochondrial 
dysfunction disrupts energy-dependent cellular 
processes, induces apoptosis, and compromises 
red blood cell production, neutrophil function, 
and platelet formation. The cumulative effect of 
long-term mitochondrial injury increases 
vulnerability to hematologic toxicity, especially in 
patients with pre-existing nutritional deficiencies 
or co-infections [30]. 
 

3. Immune-Mediated Cytopenias 
 
Immune dysregulation, a hallmark of HIV 
infection, can exacerbate ART-induced 
hematologic abnormalities. Certain drugs, 
particularly non-nucleoside reverse transcriptase 
inhibitors (NNRTIs) and protease inhibitors (PIs), 
can trigger hypersensitivity reactions that lead to 
immune-mediated destruction of erythrocytes, 
leukocytes, or platelets. For example, 
autoantibody formation may precipitate anemia or 
thrombocytopenia, while immune reconstitution 
following ART initiation may paradoxically 
exacerbate cytopenias through heightened 
immune responses [31]. 
 
4. Nutritional and Metabolic Contributions 
 
Nutritional deficiencies—particularly iron, folate, 
and vitamin B12 depletion—amplify ART-related 
hematologic toxicities. Deficiencies impair 
erythropoiesis and reduce the marrow’s capacity 
to compensate for drug-induced suppression. 
ART-associated metabolic disturbances, such as 
mitochondrial-induced oxidative stress or altered 
lipid and glucose metabolism, further compromise 
marrow function. Chronic inflammation, common 
in HIV, also leads to elevated hepcidin levels, 
iron sequestration, and impaired red blood cell 
production, contributing to anemia of chronic 
disease [32]. 
 
5. Drug-Drug Interactions and Coinfections 
 
ART rarely acts in isolation; many patients 
receive concurrent therapies for opportunistic 
infections such as tuberculosis, cytomegalovirus, 
or malaria. Medications like ganciclovir, 
cotrimoxazole, and rifampicin may compound 
marrow suppression or alter drug metabolism, 
heightening the risk of cytopenias. Coinfections 
themselves can infiltrate the marrow, disrupt 
erythropoiesis, or induce systemic inflammation, 
magnifying the hematologic impact of 
ART.Collectively, these mechanisms illustrate the 
interplay between pharmacologic toxicity, viral 
pathophysiology, immune dysregulation, and 
environmental factors in shaping hematologic 
outcomes among PLHIV. The multifactorial  
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nature of ART-related cytopenias underscores the 
importance of early detection, careful regimen 
selection, nutritional support, and routine 
laboratory monitoring to prevent severe 
complications and optimize treatment efficacy 
[33]. 
 
Public Health Implications of ART-Related 
Hematologic Toxicities 
 
Hematologic toxicities of antiretroviral therapy 
(ART) extend beyond individual patient care, 
representing a significant public health concern, 
particularly in low- and middle-income countries 
(LMICs) where HIV prevalence is high and 
healthcare resources are constrained. These 
toxicities—ranging from mild anemia to severe 
pancytopenia—not only compromise patient 
safety but also influence treatment adherence, 
programmatic effectiveness, and overall health 
system efficiency (Table 2). 
 
1. Impact on Treatment Outcomes 
 
Anemia, neutropenia, and thrombocytopenia 
associated with ART can reduce tolerance to 
therapy, necessitate dose adjustments, or lead to 
treatment interruptions. Interruptions increase the 
risk of viral replication, immune deterioration, 
and development of drug-resistant strains of HIV. 
Consequently, hematologic toxicities indirectly 
threaten the effectiveness of ART programs and 
may contribute to suboptimal population-level 
outcomes [34]. 
 
2. Increased Susceptibility to Infections and 
Morbidity 
 
Neutropenia and other cytopenias impair host 
immunity, heightening vulnerability to 
opportunistic infections such as tuberculosis, 
bacterial sepsis, and fungal infections. In regions 
with endemic infections like malaria, these 
hematologic complications exacerbate morbidity 
and strain public health services, as affected 
individuals are more likely to require 
hospitalization or specialized care [35]. 
 
 

 
 
 
3. Resource and Economic Implications 
 
Hematologic toxicities increase healthcare 
utilization and costs due to additional laboratory 
tests, hospital admissions, supportive treatments, 
and management of opportunistic infections. In 
resource-limited settings, where laboratory 
infrastructure is often scarce, delayed detection of 
cytopenias can lead to severe complications, 
further burdening already overstretched health 
systems [36]. 
 
4. Opportunities for Surveillance and Early 
Intervention 
 
From a public health perspective, integrating 
routine hematologic monitoring into ART 
programs offers an opportunity for early detection 
of toxicity, thereby reducing morbidity and 
improving adherence. Complete blood counts 
(CBCs), performed at baseline and periodically 
during therapy, provide a cost-effective method to 
identify emerging cytopenias. Coupled with 
pharmacovigilance systems, such monitoring 
allows health authorities to collect data on ART 
safety, inform policy adjustments, and optimize 
regimen selection for populations at risk [36]. 
 
5. Community Engagement and Education 
 
Empowering patients to recognize and report 
symptoms of anemia or cytopenias—such as 
fatigue, pallor, recurrent infections, or bleeding 
tendencies—enhances early intervention and 
reduces complications. Health education 
programs, community-based monitoring, and 
counseling sessions can foster adherence and 
prompt care-seeking behavior, strengthening 
overall ART program effectiveness [37]. 
 
6. Integrated Public Health Strategies 
 
Addressing ART-related hematologic toxicities 
requires an integrated approach that combines 
clinical management, nutritional support, 
infection control, and policy interventions. 
Nutritional supplementation programs targeting 
iron, folate, and vitamin B12 deficiencies can 
mitigate risk. Collaboration between HIV  
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programs, laboratory services, and 
pharmacovigilance networks ensures timely 
identification and management of adverse events,  

 
while national guidelines incorporating routine 
hematologic surveillance provide a framework for 
sustainable public health interventions [38]. 

 
Table 2. Public Health Strategies for Managing ART-Related Hematologic Toxicities 
 
Strategy Implementation Approach Expected Public Health 

Outcome 
Routine hematologic 
monitoring 

Integrate CBC testing into ART 
follow-up schedules 

Early detection of toxicity; 
improved treatment safety 

Nutritional support and 
supplementation 

Provide iron, folate, and vitamin B12 
through HIV clinics 

Reduced incidence of anemia 
and cytopenias 

Strengthening 
pharmacovigilance systems 

Establish adverse drug reaction 
reporting mechanisms 

Enhanced safety data and 
informed policy decisions 

Capacity building for 
healthcare workers 

Train clinicians and lab staff in toxicity 
identification 

Improved case management and 
prevention 

Community-based education 
and engagement 

Empower patients to recognize and 
report hematologic symptoms 

Early care-seeking behavior; 
reduced complications 

Policy integration and health 
system linkage 

Include hematologic surveillance in 
HIV national guidelines 

Sustainable HIV care with 
lower morbidity rates 

 
Policy and Programmatic Considerations 
 
Effective management of hematologic toxicities 
associated with antiretroviral therapy (ART) 
requires coordinated policy and programmatic 
interventions that integrate clinical care, 
laboratory monitoring, pharmacovigilance, and 
community engagement. In many low- and 
middle-income countries (LMICs), where 
healthcare resources are limited, these toxicities 
can significantly undermine ART adherence, 
increase morbidity, and strain public health 
systems. Consequently, policies and programs 
must be designed to systematically address both 
individual patient needs and population-level 
outcomes [39].National HIV treatment policies 
should explicitly include routine hematologic 
monitoring as part of standard care. Incorporating 
baseline and periodic complete blood counts 
(CBCs) and differential analyses into ART 
protocols allows early detection of anemia, 
neutropenia, and thrombocytopenia. Standardized 
guidelines promote uniform practices across 
health facilities, ensuring that patients at risk of 
cytopenias are identified and managed promptly 
[40]. 

Robust laboratory services are essential for 
detecting ART-related hematologic abnormalities. 
Policies should prioritize investment in laboratory 
equipment, reagents, and skilled personnel. 
Quality assurance programs and point-of-care 
testing technologies can further enhance 
diagnostic capacity, especially in rural or 
resource-constrained settings, enabling timely 
interventions before severe complications arise 
[41].Systematic pharmacovigilance is critical for 
monitoring and mitigating ART-related 
hematologic toxicities. Policies should mandate 
reporting of adverse drug reactions, the 
development of national databases for real-time 
surveillance, and feedback mechanisms for 
clinicians. Such systems allow health authorities 
to identify high-risk populations, adjust ART 
regimens appropriately, and make data-driven 
decisions to optimize treatment safety 
[42].Healthcare providers must be equipped with 
the knowledge and skills to recognize, manage, 
and report hematologic toxicities. Training 
programs should cover clinical signs of anemia, 
neutropenia, and thrombocytopenia, interpretation 
of laboratory results, and appropriate 
interventions including ART regimen 
modification, supportive therapy, and nutritional  
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supplementation. A well-trained workforce 
ensures adherence to standardized care protocols 
and enhances patient outcomes [43]. 
 
Policies should support integration of nutritional 
interventions into HIV programs, particularly 
supplementation of iron, folate, and vitamin B12 
to mitigate ART-induced cytopenias. Linking 
ART services with community-based nutrition 
programs and food security initiatives can reduce 
the severity of hematologic toxicities, particularly 
in vulnerable populations such as children, 
pregnant women, and those with coinfections [44-
45].Engaging patients and communities in 
recognizing and reporting symptoms of 
hematologic toxicity is a vital programmatic 
strategy. Health education campaigns can increase 
awareness of warning signs such as fatigue, 
pallor, or unusual bleeding, encouraging timely 
healthcare-seeking behavior. Community 
involvement strengthens adherence to ART and 
enhances early detection of cytopenias, reducing 
preventable complications [46-47].Policies should 
leverage laboratory, pharmacovigilance, and 
programmatic data to guide resource allocation 
and intervention strategies. Evidence-based 
decision-making enables targeted support for 
high-risk populations, informs ART regimen 
selection, and ensures sustainable implementation 
of hematologic monitoring programs [48-49].By 
embedding these considerations into national HIV 
strategies, health systems can systematically 
reduce the burden of ART-induced hematologic 
toxicities, safeguard patient safety, and improve 
long-term treatment outcomes. 
 

Conclusion 
 
Hematologic toxicities of antiretroviral therapy 
(ART) represent a critical yet often overlooked 
dimension of HIV care. Conditions such as 
anemia, neutropenia, thrombocytopenia, and 
pancytopenia not only compromise immune 
function and increase susceptibility to 
opportunistic infections but also undermine 
treatment adherence and overall program 
effectiveness. The pathophysiology of these 
toxicities is multifactorial, involving direct bone  

 
 
 
marrow suppression, mitochondrial dysfunction, 
immune-mediated cell destruction, nutritional 
deficiencies, and drug-drug interactions.From a 
public health perspective, addressing ART-related 
hematologic toxicities is essential to improving 
clinical outcomes and sustaining the long-term 
success of HIV programs. Integrating routine 
hematologic monitoring, strengthening laboratory 
and pharmacovigilance systems, implementing 
nutritional interventions, and promoting patient 
education are central to mitigating morbidity and 
enhancing treatment adherence. Community 
engagement and capacity building for healthcare 
workers further reinforce these efforts, ensuring 
timely detection, reporting, and management of 
cytopenias. 
 
Policy frameworks must explicitly incorporate 
hematologic monitoring and management into 
national HIV strategies, emphasizing evidence-
based approaches that are adaptable to resource-
limited settings. By adopting a comprehensive, 
multidisciplinary approach that bridges clinical 
care, public health interventions, and policy 
implementation, health systems can reduce the 
burden of ART-induced hematologic 
complications, optimize therapeutic outcomes, 
and improve the quality of life for people living 
with HIV. 
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